The self-energizing-electro-hydraulic brake is a new energy saving electro-hydraulic brake which offers the unique possibility of direct brake torque control. Its open loop characteristics are unstable, demanding for a feedback control in normal operation. This paper describes the analytical design of a nonlinear input-output-linearizing controller for the brake and discusses the robustness of that control. The control task of the brake is stated as tracking the reference signal and reaching an aperiodic time response of the brake torque. In order to design the control a simplified model of 4 th order is used. The coordinate's transformation and input-output linearization are applied to the simplified model. The control signal for the model is constructed via the pole placement method. The nonlinear controller shows good performance in nonlinear system simulation.
Introduction
Nowadays, the dominating type of brakes used for heavy railway transport all over the world is pneumatic brake. Despite such a wide use, pneumatic brakes have a range of drawbacks such as failure of the entire brake system of a train in case of failure at least one of the elements of the pneumatic supply system, i.e. compressor, main reservoirs, supply line or brake line. This problem is caused by the working principle of such brake systems where both supply and accumulation of the compressed air occurs centrally (normally in a locomotive), and its transfer is fulfilled over a brake line that is common for each unit of a train.
In searching for an idea for a new braking principle with minimized energy-consumption and independence from external hydraulic power supply, it was considered to use the braking force as the energy source for hydraulic brake actuation. In contrast to other self-reinforcing brake principles, the new brake principle should operate in the instable condition of self-energization, which leads to immediate brake locking if not controlled. Using the hydraulic self-energization, the pressure needed for actuation should be completely gained from hydraulic support of the friction force. A valve control should be used to stabilize the braking process via closed loop control. These thoughts led to the invention of the Self-energizing Electro-Hydraulic Brake (SEHB), which was first published in Liermann and Stammen (2006) and later developed in Liermann et al. (2008) and Ewald et al. (2010) .
Principle and simplified model of SEHB
The working principle of SEHB is shown in Figure 2 .1. It shows two cylinders the left one of which is the brake actuator, depicted as a double rod synchronizing cylinder with a pre-stressed spring. The caliper is moveable along the friction contact and applies the compression force on the brake disk according to its load pressure and the spring force. The compression force results in a brake torque, transmitted by some kind of mechanical transmission ( L i ) onto the piston of the supporting cylinder (right in Figure  2 .1) fixed to the undercarriage. Thus the brake torque results in sup p , supporting pressure, which is the only measurable variable. The supporting pressure is conducted via the control valve onto the brake actuator for either reinforcing (positive valve opening) or lessening (negative valve opening) the compression force. The load pressure of the supporting cylinder is used as control variable and compared with a reference load pressure given from a superior control unit. The difference is passed on to the brake controller which calculates an appropriate valve input signal.
From mathematical description point of view SEHB represents a complex control plant. Its complexity is characterized by the following factors. The mathematical model is of high order equal to 10 and nonlinear due to the flow equation through the valve sharp edged orifices. The friction coefficient of the brake pads is uncertain and timevarying during operation. Beside the friction coefficient, the control valve parameters, valve damping and characteristic frequency, have a significant influence on the brake performance. For a detailed description of the mathematical modeling see Liermann (2008) .
The complexity of the original nonlinear brake model represents a problem from the control design viewpoint that requires further simplifications. Definition of mechanical and hydraulic parameters (see Appendix) used for modeling is shown in Figure 2 .2.
As shown in Liermann (2008) mathematical analysis using the Litz' measure of dominance (Litz, 1979) shows that the eigenvalues associated with the Newton equations of movement of the brake actuator and the supporting cylinder pistons can be neglected. In other words, the pressure dynamics dominate the system behavior. Each of the Newton equations of movement is of second order. To further simplify the system model, it is assumed that the pressure in the low pressure line is constant, since it is connected to a reservoir, i.e. the low pressure line capacity
, capacity in the high pressure line. Therefore, one of four pressure equations which are of 1 st order each can be cancelled. A final simplification uses the approach which has been explained in Feigel (1987) B is bulk modulus. The output of the system is:
This model will be used for the controller development thereafter.
Control strategy of SEHB
According to the general performance requirements for railway brakes a controller should provide braking without overshoot and oscillations. Let us discuss the obstacles against this. Due to the brake design it is characterized by high hydraulic-mechanical stiffness. The control valve, also playing as a restrictor in the system, inevitably leads to pressure oscillations that result in oscillations of the brake force. . The rest of parameters of the model are listed in Table 3 .1: The reason for the oscillations using proportional control is the highly pressure dependent closed loop dynamics which due to the valve parameters influence shows bad damping characteristics for higher brake forces. The oscillating behavior of braking, of course, is inadmissible since it results not only in judder of the mechanical system reducing the service life period of the brake and the brake pads, but also noises giving rise to passenger discomfort. Moreover, the brake force oscillations, or supporting pressure sup p oscillations, mean a redundant flow rate through the control valve that may result in early reaching the supporting cylinder's end position and, hence, stopping the brake force increase/decrease. Therefore, the main requirement for the brake control development is to provide an aperiodic process of the supporting pressure sup p independent of the brake force level and the brake parameters such as the friction coefficient μ and the control valve damping v D that has more essential influence on the brake performance compared to the angular frequency v  .
Input-output linearization of nonlinear simplified SEHB model
Generally, an aperiodic transient process of an output variable can be obtained only for some class of linear systems via, for example, pole placement (Williams and Lawrence, 2007) . In order to make use of the pole placement method the nonlinear SEHB model has to be transformed into a linear one. Such a transformation can be executed using method of exact feedback linearization (Isidori, 1995) . The simplified SEHB model (2.1), (2.4), (2.7) in general can be represented as
The idea of the exact feedback linearization method is to find a nonlinear transformation of a control signal (linearization algorithm) for which the model (4.1), (4.2) is linear or equivalent to a linear model in new coordinates z, where
is the coordinates transformation.
An important notion of an input-output model is its relative degree. For linear systems, as known, the relative degree is the difference between the number of poles and zeros of the transfer function of a system. This is also the number of times an output needs to be differentiated in order that an input appears in the equation. For nonlinear systems it is defined in the similar manner. By differentiating the output y in (4.2) and substituting (4.1) we have (Fradkov et al., 1999 )
where h L f and h L g are Lie derivatives of the function h along the vector field f and g , respectively.
For both cases, positive and negative valve opening,
for all x in the range of operating points of the control object. Then the first derivative of the output function yields:
Continuing in this way, we get
again. Consequently, the second derivative of the output function is:
The third derivative
where the Lie derivative 0
for all x in the range of operating points and for positive and negative valve opening has the form Case A:
Case B:
Thus, the equation (4.5) with the nonzero factor for u describes the relation between the input u and the output y.
Hence, according to the definition in Isidori, 1995 
These equations have the form of a linear model with two state dependent nonlinear functions which are
The function ) (x b for positive and negative valve opening is determined by the equations (4.6), (4.7). The function ) (x a is expressed as
If the models (4.1)  (4.2) and (4.11) were equivalent, than the problem of exact feedback linearization would be solvable. This, in turn, would mean that a control signal of the form
where v is a new control input due to overall compensation of the nonlinear functions ) (x a and ) (x b would lead the simplified SEHB model (4.1)  (4.2) (on the assumption of parametric certainty and measurability of the state variables Isidori, 1995) .
Considering aforesaid, the model (4.11) is not equivalent to the simplified SEHB model (4.1), (4.2). This is caused by the internal dynamics, i.e. behaviour of ( 3  n )-dimensional part of the model (4.1), (4.2), which, however, has no influence on the output (4.16) of the linear model (4.15). This dynamics is included in the state dependent nonlinear functions ) (x a and ) (x b . It is the dynamics of the load pressure L p of the brake actuator, which influences the supporting pressure in the same order as the valve input. The problem is that without knowing the actuator load pressure, the exact feedback linearization cannot be performed.
In that case the problem of input-output (I/O) linearization can be solved (Khalil, 1996) . This means that the control (4.14) transforms the simplified model (4.1), (4.2) into a model whose input-output behaviour can be represented in the form (4.15), (4.16). Additionally, one more variable ) (x  has to be supplemented with the new coordinates z. According to Proposition 4.1.3 in Isidori, 1995 it is always possible to find such a function that the jacobian matrix of the mapping
For SEHB, as mentioned before, 
The block diagram of the equivalent model (4.19)  (4.21) is depicted in Figure 4 .1.
Thus we can conclude that for SEHB the controller design based on the I/O linearization method is conventionally divided into the following steps. Firstly, the control signal v is determined for the linear model (4.15), (4.16) which describes the relationship between the input and output variables of the simplified model (4.1), (4.2). Secondly, we take into consideration the internal dynamics of the plant described by the equation (4.19) which has no influence on the output of the linear model, see Figure 4 .2.
Finally, we determine the control signal u for the simplified model (4.1), (4.2) using the nonlinear transformation of the obtained signal v . The control u is expressed as
Control (4.22) is later applied as valve input for the real system. To verify our results in a first step we apply it on the valve input of the basic 10 th order SEHB model.
Observer design and pole placement problem
The obtained linear model (4.15) gives the opportunity to use classical methods of linear systems theory for control design to achieve the requirements stated in the beginning of section 3, i.e. to obtain an aperiodic behavior of the output variable. One such approach is the pole placement method which allows reaching any prescribed placement of closed loop system poles (Williams and Lawrence, 2007) . As seen from Figure 5 .2 the nonlinear controller designed allows obtaining an aperiodic time response of the output variable sup p independent of the brake force level that proves effectiveness of the scheme proposed for the SEHB control purposes. Robustness of the controller with regard to the parameter changes will be discussed in the following section.
Control robustness
The I/O-linearizing control of SEHB is disturbed by parameter changes and deviates from the theoretic behavior due to simplifications of the underlying model. The major parameter uncertainty concerns friction parameter changes and the valve damping, since the chosen model as a second order lag system is only a rough estimate of the real valve behavior. Thus, it is important that I/O linearization be applied jointly with the analytical tool needed to guarantee robustness with regard to parameter perturbations. The most encountered method for such a problem is the Lyapunov analysis (Khalil, 1996) . To show robustness towards parameter changes we postulate that the changes do not have their own dynamics but occur statically. is Hurwitz, we only remain to show that the error term is sufficiently small (Khalil, 1996) . Let 0   A different result can be seen from Figure 6 .1, b where we deal with the parameter  varying during braking. It demonstrates good brake performance for the friction coefficient disturbances less than the nominal value and oscillating behavior for the values larger than 35 . 0   . Overall, the system remains stable in all operating conditions. As seen from the simulation results the I/O-linearizing controller proposed is robust only with respect to a-priori parameter uncertainty. In order to make it robust with respect to time-varying parameters an adaptive scheme should be included in the control algorithm which is the subject of further investigations.
Conclusions
The innovative self-energizing-electro-hydraulic brake developed at the Institute for Fluid Power Drives and Controls (IFAS) of RWTH Aachen University has been considered. The control task of SEHB has been formulated as tracking the reference signal and reaching an aperiodic time response of the supporting pressure of the brake system. In order to design the control a simplified model of 4 th order has been used. The coordinate's transformation and I/O linearization have been applied to the simplified model that allowed obtaining a linearized model. The control signal for this model has been constructed via the pole placement method. The nonlinear transformation of the obtained signal has been carried out and applied to the basic SEHB system. The nonlinear controller showed good performance in nonlinear system simulation. Analytical proof of robustness practically could not yet be given for realistic parameter perturbations. However results of simulation show robustness for the valve parameter changes which are to be expected in brake operation. control valve spool movement 
